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CONFIGURABLE FILTER AND RECEIVER
INCORPORATING SAME

This invention was made with Government support under
Contract No. F19628-00-C-0100 awarded by the Department

of the Air Force. The Government has certain rights in this
invention.

BACKGROUND OF THE INVENTION

1. Field of Invention

This invention relates to signal processing. Specifically, the
present 1nvention relates to filters, such as digital bandpass
filters and accompanying receiver systems.

2. Description of the Related Art

Digital bandpass filters are emploved 1n various demand-
ing applications including digital radar receivers, multimode
ladars, and spread spectrum communication systems. Such
applications often employ plural bandpass filters to process
digital signals at different rates.

A si1gnal processing system may include plural Analog-to-
Digital Converters (ADCs), each providing digital outputs at
different rates along different signal processing paths. Large
and expensive Application-Specific Integrated Circuits
(ASICs) or multiple Field-Programmable Gate Arrays (FP-
(G As) are often required to implement the plural processing
paths and accompanying digital filters. These large circuits
are particularly problematic 1n single-module radar recervers,
where circuit board space 1s limited.

Hence, a need exists 1n the art for a space-efilicient filter for
replacing the plural digital filters currently employed in vari-
ous signal processing systems.

SUMMARY OF THE INVENTION

The need 1n the art 1s addressed by the efficient config-
urable signal filter of the present invention. In the illustrative
embodiment, the signal filter 1s a configurable digital filter
that 1s adapted to filter ADC data to produce digital In-phase
(I) and Quadrature (Q) signals. This embodiment assumes
that the input signals are real. Those versed 1n the art can
extend this to I/Q) signals or certain classes of nonuniform real
samples. The filter includes a first mechanism for recerving a
first signal of a first type and a second signal of a second type.
A second mechanism selectively filters the first signal during,
a first mode of operation and filters the second signal during
a second mode of operation. A third mechanism generates a
control signal. A fourth mechanism automatically configures
the second mechanism to operate 1n the first mode of opera-
tion or the second mode of operation based on the control
signal.

In a specific embodiment; the first type of signal 1s charac-
terized by a first rate; and the second type of signal 1s char-
acterized by a second rate. The first signal and the second
signal are ADC output signals. The second mechanism
includes plural filter banks, each filter bank associated with
one or more Multiply-Accumulate (MAC) pipes. Each of the
one or more MAC pipes include one or more MAC blocks that
are each associated with a coellicient memory data structure.
The third mechanism includes a controller that facilitates
selecting coellicients from each memory data structure to
apply to each of the one or more MAC blocks, thereby selec-
tively affecting filter response. The coellicients are user-de-
finable, and the controller 1s user-configurable via a user
interface to the controller.

In a more specific embodiment, each memory data struc-
ture 1s a stack that 1s responsive to coetlicient-control signals
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[,

from the controller. The coetlicient-control signals indicate
start addresses and end addresses for sets of coellicients to be
applied to the one or more MAC blocks.

The controller provides control signals to one or more
multiplexers or switches to control whether the MAC pipes
are 1n a serial configuration or a parallel Sconfiguration cor-
responding to the first mode of operation or the second mode
of operation, respectively. The parallel configuration 1is
adapted to filter wideband signals, and the serial configura-
tion 1s adapted to filter narrowband signals. The controller
further 1implements a sixth mechamsm for adjusting filter
lengths or integration delays associated with the filter. The
s1xth mechanism includes the multiplexers or switches that
are responsive to specific control signals. The specific control
signals are configured to selectively switch a desired number
of the multiplexers or switches to atfect numbers of the MAC
pipes that are connected 1n a serial configuration, thereby
alfecting filter integration delay during the first mode of
operation.

In the specific embodiment, the filter further includes a first
filter block and a second filter block, each having two filter
banks, one filter bank for producing I signals, and another
filter bank for producing Q signals. An I/QQ output configura-
tion module selectively combines I and Q signals output by
the first filter block and the second filter block into desired
filter outputs.

In the specific embodiment, the first rate 1s a narrowband
rate, and the second rate 1s a wideband rate. The narrowband
rate 1s double a system clock rate, and the wideband rate 1s
cight times the system clock rate. The filter further includes a
data-select module that 1s responsive to control input from the
controller. The data-select module allows the first signal,
which 1s a narrowband signal, to pass through the data-select
module during the first mode of operation. The data select
module imparts an offset of 4xDF (where DF i1s the input data
Decimation Factor) system clock cycles to the second signal,
which 1s a wideband signal, during the second mode of opera-
tion. Initiation of integration implemented by the second filter
block 1s delayed by DF/2 relative to mitiation of integration
implemented by the first filter block. The 1/Q output configu-
ration module includes a seventh mechanism for interleaving
the even and odd I/QQ samples to provide an output rate of
2(system clock rate)/DF when the system 1s 1n the second
mode of operation and to provide an output rate of (system
clock rate)/DF when the system 1s 1n the first mode of opera-
tion.

The novel design of one embodiment of the present inven-
tion 1s facilitated by the fourth mechanism, which enables the
configurable filter to selectively process signals at different
input data rates in accordance with appropriate {ilter
responses. Accordingly, the configurable filter may be shared
between wideband and narrowband data paths in various
signal processors, such as radar receivers. Furthermore, use
of shared filtering afforded by various embodiments of the
present invention enable smaller recetver designs that may be
implemented via a single FPGA rather than several FPGAs.
Use of a versatile coeflicient memory enables the filter
response to be adjusted 1n accordance with predetermined
criteria, such as the operational mode of the system. Further-
more, use of unique configurable filter blocks enables varia-
tions 1n {ilter integration delays, which enhances filter versa-
tility and programmability.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a conventional receiver
employing different I/Q filters for filtering different signals.
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FIG. 2 1s a block diagram of a receiver employing a con-
figurable multi-rate filter according to an embodiment of the
present invention.

FIG. 3 1s a more detailed block diagram of the multi-rate
filter of FIG. 2 incorporating versatile filter blocks, a filter
coellicient memory, and an 1/QQ output configuration module.

FIG. 4 1s a more detailed block diagram illustrating the
filter blocks and the I/Q) output configuration module of FIG.
3.

FIG. 5 1s a more detailed block diagram illustrating exem-
plary components of filter banks of FIG. 4 including various
Multiply-Accumulate (IMAC) pipes.

FIG. 6 1s a more detailed exemplary block diagram of a
MAC pipe of FIG. 5§, which employs coeliicients from the
coellicient memory block of FIG. 3.

FIG. 7 1s a more detailed exemplary diagram of a coetli-
cient memory of FIG. 3.

DESCRIPTION OF THE INVENTION

While the present invention i1s described herein with refer-
ence to 1llustrative embodiments for particular applications, 1t
should be understood that the invention 1s not limited thereto.
Those having ordinary skill 1n the art and access to the teach-
ings provided herein will recognize additional modifications,
applications, and embodiments within the scope thereof and
additional fields in which the present invention would be of
significant utility.

The following discussion of a conventional receiver i1s
intended to facilitate an understanding of the present mven-
tion.

FIG. 1 1s a block diagram of a conventional receiver 10
employing a NarrowBand (NB) In-phase and Quadrature
(I/Q) filter 12 for filtering narrowband data and a WideBand
(WB) I/Q filter 14 for filtering wideband data. The conven-
tional recerver 10 includes, from left to right, a Radio Fre-
quency (RF) antenna 16, a first BandPass Filter (BPF) 18, and
Low Noise Amplifier (LNA) 20. The output of the LNA 20 1s
split along a narrowband path 22 and a wideband band path
24. The narrowband path 22 includes, from leit to right, a first
mixer 26 that 1s driven by a narrowband oscillator 28, a
narrowband BPF 30, a narrowband Analog-to-Digital Con-
verter (ADC) 32, and the narrowband I/Q filter 12. The output
of the narrowband I/Q filter 1s input to a signal processor 34.
The wideband path 24 includes, from left to right, a second
mixer 36 that 1s driven by a wideband oscillator 38, a wide-
band BPF 40, a wideband ADC 42, and the wideband I/Q)
filter 14, which provides iput to the signal processor 34.

For the purposes of the present discussion, a narrowband
signal 1s a signal sampled at twice the FPGA clockrate, which
1s the system clock rate. A wideband signal 1s a signal
sampled at eight times the FPGA clock rate.

In operation, the antenna 16 recetrves RF electromagnetic
energy and provides corresponding RFE electrical signals to
the first BPF 18 in response thereto. The BPF 18 filters the RF
signals to suppress undesirable out-of-band energy in the
received RF signals. The LNA 20 then amplifies the resulting,
output of the BPF 18.

Along the narrowband path 22, the output of the LNA 20 1s
mixed with a reference signal output by the narrowband oscil-
lator 28 via the first mixer 26. The narrowband oscillator 28 1s
tuned to produce a reference signal at a desired narrowband
carrier frequency. The resulting output of the first mixer 26 1s
a narrowband analog signal. The narrowband analog signal 1s
filtered by the narrowband BPF 30 and then converted to a
digital signal via the narrowband ADC 32. The digitized
narrowband signal 1s then filtered by the narrowband I/Q filter

10

15

20

25

30

35

40

45

50

55

60

65

4

12, which has a predetermined fixed transfer function, 1.e.,
filter response. The resulting filtered narrowband 1/Q signal 1s
forwarded to the signal processor 34 for further processing.

Similarly, along the wideband path 24, the output of the
LNA 20 1s mixed with the output of the wideband oscillator
38 via the second mixer 36. The wideband oscillator 38 is
tuned to produce a reference signal at a desired wideband
carrier frequency. The resulting output of the second mixer 36
1s awideband analog signal, which i1s converted to a wideband
digital signal via the wideband ADC 42 after bandpass filter-
ing by the wideband BPF 40. The resulting wideband digital
signal output by the wideband ADC 42 i1s then filtered by the

wideband 1/Q filter, which has a predetermined fixed transier
function. The resulting filtered wideband 1I/Q signal 1s input to
the signal processor 34 for further processing.

In the conventional recerver 10, digital signal outputs of the
narrowband ADC 32 and the wideband ADC 42 are filtered
via separate filters 12, 14. Use of the separate filters 12, 14 to
filter input data at different rates results 1n a relatively large
circuit, which 1s problematic 1n applications where circuit
s1ze 1s important. Furthermore, the relatively large receiver 10
may require expensive Application-Specific Integrated Cir-
cuit (ASIC) development or a multiple-FPGA solution that
requires extra circuit board space, which may be prohibitive
in certain single-module receiver applications. Furthermore,
the conventional narrowband I/Q filter 12 and wideband I/Q)
filter 14 lack significant configurability, which limits the
applicability of the receiver 10.

While some recerver applications may employ 1I/Q filters
with programmable coelficients, these applications typically
lack filters with variable filter lengths for fine control of
integration delays. Furthermore, conventional I/Q filters typi-
cally lack coellicient memories capable of accommodating
variable numbers of coellicient sets.

FIG. 2 1s a block diagram of a receiver 50 employing a
configurable multi-rate filter 52 according to an embodiment
of the present invention. For clarity, various well-known com-
ponents, such as power supplies, clocking circuits, and so on,
have been omitted from the figures. However, those skilled in
the art with access to the present teachings will know which
components to implement and how to implement them to
meet the needs of a given application.

The construction and operation of the recetver 50 1s similar
to the construction and operation of the receiver 10 of FIG. 1
with the exception that the narrowband I/Q filter 12 and the
wideband I/Q filter 14 1n FIG. 1 are replaced with the single
configurable filter 52 in FI1G. 2. Unlike the I/Q filters 12, 14 of
FIG. 1, the configurable filter 52 supports variable input rates
using shared filtering and exhibits controllable filter lengths
and a coelficient memory that accommodates variable num-
bers of coelficient sets with single-clock switching capability
as discussed more fully below.

Various embodiments disclosed herein, such as the
embodiment shown 1n FIG. 2, assume that digital input sig-
nals to the configurable filter 52 are real-valued signals. Those
skilled 1n the art with access to the present teachings may
readily adapt the configurable filter 52 to filter 1/Q signals or
certain classes of nonuniform real samples without undue
experimentation and without departing from the scope of the
present invention.

In the present embodiment, the narrowband analog signal
output by the narrowband BPF 30 i1s sampled by the narrow-
band ADC 32 at twice the system clock rate, which 1s the
clock rate of the Field Programmable Gate Array (not shown)
upon which the receiver 50 1s implemented. The wideband
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analog signal output by the wideband BPF 40 1s sampled by
the wideband ADC 42 at eight times the system clock rate,
1.e., the FPGA clock rate.

The various recerver components 18, 20, 26-32, 36-42, 52
between the antenna 16 and the signal processor 34 comprise
a receive chain. The configurable filter 52 reduces the size of
the recetve chain, which 1s particularly important in single-
module radar recetvers where circuit board space 1s particu-
larly limited.

FIG. 3 1s a more detailed block diagram of the multi-rate
configurable filter 52 of FI1G. 2, which includes versatile filter
blocks 60, 62, a filter coetilicient memory 64, and an I/Q)
output configuration module 66. With reference to FIGS. 2
and 3, the narrowband data splitter 58 receives the digital
narrowband signal, 1.e., narrowband data, from the narrow-
band ADC 32 of FIG. 2 and separates the narrowband data
into even and odd samples, which are forwarded along sepa-
rate paths to the first filter block 60 and the second filter block
62, respectively.

A data-select module 70 receiwves the digital wideband
signal, 1.e., wideband data, from the wideband ADC 42 and
selectively imparts a data ofiset of 4xDF to the wideband
data, where DF 1s the data Decimation Factor designated by a
timing and control module (controller) 68. The resulting ofl-
set data output from the data-select module 70 1s 1input to the
first filter block 60 and the second filter block 62. Wideband
data directly from the wideband ADC 42 1s also directly input
to the filter blocks 60, 62 so that each filter block 60, 62 has
three inputs. The three mputs include one narrowband input
and two wideband inputs, wherein one of the wideband inputs
to each filter block 60, 62 1s selectively offset by the data-
select module 70. The narrowband 1nputs represent even and

odd narrowband data samples, which are mnput to the first
filter block 60 and second filter block 62, respectively.

The filter blocks 60, 62 receirve timing and control input
from the controller 68 and filter coetficients from a coelfficient
memory 64. The controller 68 also provides timing and con-
trol input to the data-select module 70; provides filter coetli-
cient-selection input to the coetlicient memory block 64; and
provides control input to the I/Q output configuration module
66. In the present specific embodiment, the controller 68
receives configuration mput from a user interface 72. Alter-
natively, control software runming on the controller 68 may
automatically generate configuration information.

Each of the filter blocks 60, 62 provide filtered I and Q
signal components to the I/QQ output configuration module 66.
The I/Q output configuration module 66 provides selectively
configured 1/Q signal components to the signal processor 34
tor further processing.

In operation, with reference to FIGS. 1-3, the multi-rate
configurable filter 52 receives and filters narrowband 1nput
from the first ADC 32 of FIG. 2 during a first mode of
operation and receives and filters wideband input from the
second ADC 42 of FIG. 2 during a second mode of operation.
In the present specific embodiment, the operational mode of
the multi-rate configurable filter 52 1s set via the controller 68,
which runs algorithms to ensure that the operational mode of
the filter 52 1s consistent with the operational mode of the
overall recerver system 50 of FIG. 2.

During the first mode of operation, the controller 68 con-
figures the filter 52 to accommodate narrowband data as
discussed more fully below. Narrowband data 1s sampled at or
1s decimated to twice the system clock rate. In the present

specific embodiment, the filter 52 1s implemented via a Field
Programmable Gate Array (FPGA), and the system clock rate
1s the FPGA clock rate.
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The controller 68, which acts as a timing circuit and a
controller, configures the filter blocks 60, 62 for narrowband
operation by selectively activating strategically placed mul-
tiplexers within the filter blocks 60, 62 so that internal MAC
pipes connect serially as discussed more fully below. Further-
more, the controller 68 1ssues coelficient-control signals to
the coellicient memory block 64. The coellicient-control sig-
nals specily address ranges, 1.e., start addresses and end
addresses for sets of coellicients to be applied to MAC pipes
within the filter blocks 60, 62 to facilitate filtering the nar-
rowband data in accordance with a desired transfer function,
1.¢., filter response. The coelficient memory block 64 for-
wards appropriate coellicients specified mm a particular
address range to the filter blocks 60, 62, as needed, which
operate on even narrowband data samples and odd narrow-
band data samples, respectively, during narrowband mode.

During narrowband operation, filter integration lengths
(also called filter lengths) associated with the filter blocks 60,
62 may be adjusted by the controller 68. For example, to
reduce filter integration length, the controller 68 selectively
disables certain multiplexers within the filter blocks 60, 62 to
reduce the number of internal MAC pipes that are connected
serially, which thereby reduces filter integration length during
narrowband operation.

The even and odd narrowband input data 1s fed serially to
the filter blocks 60, 62, sample by sample. The filter blocks
60, 62 filter the narrowband input data based on the coelli-
cients provided by the coetlicient memory block 64 and the

MAC pipe configuration established via control signals from
the controller 68. The filter blocks 60, 62 then provide I (1.5,

I.»,)and Q (Qrz,, Qzz,) outputs to the I/Q output configu-
ration module 66. The 1/QQ output configuration module 66

combines the I/QQ outputs from the filter blocks 60, 62 1n
various predetermined application-specific ways to vyield
desired filter I/QQ outputs (11, Q1, 12, Q2). In the present
specific embodiment, the 1I/Q filter outputs based on narrow-
band 1nputs exhibit a rate of (system clock rate)/(DF), where
DF 1s the data decimation factor of the narrowband input data
from the narrowband ADC 42 of FIG. 2.

During the second mode of operation, the controller 68
configures the filter 52 to accommodate wideband data as
discussed more fully below. The wideband data exhibits a
sampling rate of eight times the system clock rate. The wide-
band data 1s mput to the filter blocks 60, 62 and to the data-
select module 70 via the wideband ADC 42 of FIG. 2. The
wideband data 1s fed 1n parallel to the filter blocks 60, 62,
ecnabling the filter blocks 60, 62 to operate on plural data
samples simultaneously. The number of parallel wideband
iputs 1s application-specific and depends on the number of
I-pipes (which 1s equal to the number of Q-pipes) in each filter
block 60, 62 as discussed more fully below.

During wideband operation, the data-select module 70 1s
activated. Note that during narrowband operation, the data-
select module 70 need not be activated. The data-select mod-
ule 70 then imparts the sample oflfset of four times the deci-
mation factor, 1.e., 4xDF, to the wideband data in response to
an appropriate control signal from the controller 68. The
resulting delayed data 1s input to the first and second filter
blocks 60 and 62, respectively.

The controller 68 adjusts timing and control signaling to
the filter blocks 60, 62 so that initiation of integration opera-
tions of circuitry processing delayed wideband data are
delayed by DF/2 clocks relative to imitiation of integration
operations within the first filter block 60.

The controller 68 configures the filter blocks 60, 62 for
wideband operation by 1ssuing specific multiplexer-control
signals to selectively activate strategically placed multiplex-
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ers within the filter blocks 60, 62 so that internal MAC pipes
connect 1n parallel, as discussed more fully below. Further-
more, the timing and control module 68 issues appropriate
coellicient-control signals specitying coetilicient address
ranges to the coellicient memory block 64. The coeflicient
memory block 64 then selectively forwards filter coetlicients
stored 1n the coelflicient memory block 64 and contained
within the specified ranges to the filter blocks 60, 62 as
needed to implement desired filtering characteristics suitable
for wideband data.

Resulting I/QQ outputs from the filter blocks 60, 62 are
selectively combined or interleaved by the 1/QQ output con-
figuration module 66 to provide output I/Q) signals suitable for
a given application. The I/QQ outputs from the I/Q output
configuration module 66 exhibit a rate of 2x(system clock
rate)/DF during wideband operation, which 1s twice the out-
put rate during narrowband operation.

A user may employ the user mterface 72 to load different
sets of filter coefficients for use with the filter blocks 60, 62.
A user may also atfect coelficient start address locations and
coellicient end address locations for particular filtering
operations. Alternatively, coellicient selection 1s performed
automatically via an algorithm running on the controller 68.
Those skilled 1n the art will know how to construct an appro-
priate user interface to meet the needs of a given application
without undue experimentation.

FIG. 4 1s a more detailed block diagram illustrating the
filter blocks 60, 62 and the I/QQ output configuration module
66 of FIG. 3. The first filter block 60 includes a first mode-
selection Multiplexer (MUX) 80, which 1s connected to a first
filter bank 82 and a second mode-selection MUX 84, which 1s
connected to a second filter bank 86.

The first mode-selection MUX 80 recerves wideband input
data samples and even narrowband mput data samples and
selectively outputs these inputs 1n response to mode-selection
control input (WB/NB Data Select) from the controller 68 of
FIG. 3. The output of the first mode-selection MUX 80 1s
input to the first filter bank 82.

Similarly, the second mode-selection MUX 84 selectively
switches its output between offset wideband input data
samples and the even narrowband input data samples 1n
response to the mode-selection control signals (WB/NB Data
Select) from the controller 68 of FIG. 3. The output of the
second mode-selection MUX 84 1s mnput to the second filter
bank 86.

The second filter block 62 1ncludes a third mode-selection
MUX 88, which 1s connected to a third filter bank 90. A fourth
mode-selection MUX 92 1s connected to a fourth filter bank
94 1n the second filter block 62.

The third mode-selection MUX 88 selectively switches its
output between the offset wideband 1nput data samples and
odd narrowband iput data samples 1n response to mode-
selection control signals from the controller 68 of FIG. 3. The
output of the third mode-selection MUX 88 1s mput to the
third filter bank 90.

Similarly, the fourth mode-selection MUX 92 selectively
switches 1ts output between the wideband 1input data samples
and the odd narrowband 1nput data samples in response to the
mode-selection control signals from the controller 68 of FIG.
3. The output of the fourth mode-selection MUX 92 1s 1mput
to the fourth filter bank 94.

The output of the first filter bank 82 represents 1 output
(1.5,)ofthe first filter block 60. The output of the second filter
bank 86 represents QQ output ((Q~5, ) of the first filter block 60.
Similarly, the output of the third filter bank 86 represents I
output (I1-5,) of the second filter block 62. The output of the
tourth filter bank 90 represents QQ output (Q~5-) of the second
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filter block 62. The first filter bank 82 and the third filter bank
90 contain so-called I MAC pipes, while the second filter
bank 86 and the fourth filter bank 94 contain so-called Q
MAC pipes, which are discussed more fully below.

In the present specific embodiment, the I/QQ output configu-
ration module 66 includes a first adder 100, a second adder
102, a first component-selection MUX 104, a second compo-

nent-selection MUX 106, a first I/Q-swap MUX 108, a sec-
ond I/QQ swap MUX 110, a third I/Q swap MUX 112, and a
fourth I/QQ swap MUX 114.

The first adder 100 adds the output of the first filter bank 82
and the third filter bank 90 and outputs the result to the first
component-selection MUX 104. The output of the first filter
bank 82 1s also mput to the first component-selection MUX
104. The first component-selection MUX 104 selectively
switches 1ts output between the output of the first adder 100
and the output of the first filter bank 82 in response to an
appropriate component-selection Timing and Control (T&C)
signal from the controller 68 of FIG. 3.

The second adder 102 adds mput from the second filter
bank 86 to output from the fourth filter bank 94 and outputs
the result to the second component-selection MUX 106. The
output of the fourth filter bank 94 1s also 1input to the second
component-selection MUX 106. The second component-se-
lection MUX 106 selectively switches its output between the
output of the second adder 102 and the output of the fourth
filter bank 94 1n response to an appropriate component-selec-
tion control signal from the controller 68 of FIG. 3.

Outputs of the first component-selection MUX 104 and the
second component-selection MUX 106 are input to the first
I/Q swap MUX 108, which selectively switches its output
therebetween 1n response to an approprate 1/Q swap signal
from the controller 68 of FIG. 3. Similarly, the second I/QQ
swap MUX 110 selectively switches 1ts output between out-
puts of the first component-selection MUX 104 and the sec-
ond component-selection MUX 106 1n response to an appro-
priate I/QQ swap signal from the controller 68 of FIG. 3. In
addition, the third I/QQ swap MUX 112 selectively switches 1ts
output between the output of the second filter bank 86 and the
output of the third filter bank 90 1n response to an appropriate
control signal from the controller 68 of FIG. 3. Furthermore,
the fourth I/Q swap MUX 114 selectively switches its output
between the output of the second filter bank 86 and the output
of the third filter bank 1n response to an appropriate control
signal from the controller 68 of FIG. 3.

In operation, with reference to FIGS. 3 and 4, during nar-
rowband operation, which corresponds to a first mode of
operation, the first mode-selection MUX 80 and the second
mode-selection MUX 84 are configured to pass even narrow-
band data samples to the first and second filter banks 82, 86,
respectively, 1 response to mode-selection control input
from the controller 68 of FIG. 3. The first filter block 60
employs the first filter bank 82 and the second filter bank 86
to produce filtered I ., and Q. , outputs respectively, where
the subscript 1 indicates output of the first filter block 60.

Similarly, during narrowband operation, the third mode-
selection MUX 88 and fourth mode-selection MUX 92 are
configured to pass odd narrowband samples to the third filter
bank 90 and to the fourth filter bank 94 of the second filter
block 62. The filter banks 90, 94 produce corresponding 15,
and Q ..., outputs respectively, where the subscript 2 indicates

output of the second filter block 62.

During wideband operation, the mode-selection MUXs 80,
84, 88, 92 are configured to pass wideband data to the respec-
tive filter banks 82, 86, 90, 94 1n response to mode-selection
control signals from the controller 68 of FIG. 3. In the present
specific embodiment, the filter blocks 60, 62 and the overall
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configurable filter 52 switch between narrowband and wide-
band modes of operation 1n a single FPGA clock cycle. Other
switching rates may be employed without departing from the
scope of the present invention.

In the present specific embodiment, the I/Q output configu-
ration module 66 1s selectively controlled via control signals
from the controller 68 of FIG. 3 to create a desired set of I and
Q outputs for a particular mode of operation. The component-
selection MUXs 104, 106 enable switching between full-
complex and all-real modes of operation. The I/Q configura-
tion module 1s application specific and may be omitted or
replaced with another module without departing from the
scope of the present invention.

The I/Q configuration module 66 provides two I outputs (I,
and I,) and two Q outputs (Q, and Q,), which are forwarded
to the signal processor 34 for further processing. For narrow-
band data, the I/Q outputs (I,, I,, Q,, Q) are provided at rates
(system clock rate)/DF .5, where DF .5 1s the 1s the narrow-
band decimation factor, which ranges from 1 to N,, where N,
depends on the size of the coellicient memory 64 of FIG. 3.

For wideband data, the 1I/Q outputs from both filter blocks
60, 62, when 1nterleaved, provide an effective output rate of
(2x(system clock rate)/DF ,, ., where DF ... 1s the wideband
decimation factor, which also depends on the size of the
coellicient memory 64. Those skilled in the art will know
which decimation factors to use to meet the needs of a given
application.

For wideband data decimated to or sampled at eight times
the system clock rate, eight consecutive data samples are fed
into each filter block 60, 62. The data-select module 70 pro-
vides an input sample oflset of 4xDF to wideband data input
to filter blocks 60 and 62, as commanded by the controller 68.
The start of the integration cycle of filter banks 86 and 90 1s
delayed by DF/2 system clock cycles 1n response to timing
and control signaling from the controller 68.

The filter banks 82, 86, 90, 94 are separated into the first
filter block 60 and the second filter block 62 based on whether
they filter even data or odd data during narrowband operation.
The first filter block 60 filters and outputs even narrowband
data, while the second filter block 62 filters and outputs odd
narrowband data. In the present embodiment, each of the filter
banks 82, 86, 90, 94 recerve timing and control input from the
controller 68 of FIG. 3 and receive coellicients from the
coellicient memory 64 of FIG. 3. The timing and control
inputs include narrowband/wideband (NB/WB) selection
inputs and integration-length inputs. The integration-length
inputs specily the number of clock cycles for which accom-
panying MAC pipes in the filter banks 82, 86, 90, 94 will
accumulate mput data as discussed more fully below.

Various filter components, such as the first filter block 60
and the second filter block 62, can accommodate input data at
different rates (corresponding to narrowband and wideband
data) while operating at the same system clock rate, which 1s
the FPGA clock rate 1n the present embodiment. As previ-

ously discussed, narrowband data 1s sampled by the narrow-
band ADC 32 of FIG. 2 at twice the system clock rate, while

wideband data sampled by the wideband ADC 42 of FIG. 2 at
eight times the system clock rate.

In the present specific embodiment, the center frequency of
the 1deal bandpass data to be filtered by the filter blocks 60, 62
1s centered at V4, 34, >4, and so on, of the sample rate. The filter
blocks 60, 62 will process bandpass data exhibiting even and
odd data samples that are approximately 90° out of phase,
such that the samples are 1/QQ data streams or approximately
I/QQ data streams.

FIG. 5 1s a more detailed block diagram illustrating exem-

plary components of filter banks 82, 86, 94 of FIG. 4 includ-
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ing 2K, Multiply-Accumulate (MAC) pipes 130 and 2K,
corresponding configuration-selection demultiplexers (DE-
MUXs) 132. With reference to FIGS. 4 and 5, FIG. 5 1llus-

trates the requisite MAC pipe configuration for implementing
the first filter bank 82 and the second filter bank 86 during
narrowband operation to filter even narrowband data samples.
This same MAC pipe configuration implements the first filter
bank 82 and the fourth filter bank 94 during wideband opera-
tion. A similar MAC pipe configuration (not shown) imple-
ments the third filter bank 90 and the fourth filter bank 94 of
FIG. 4 during narrowband operation (to filter odd narrowband
data samples) and implements the third filter bank 90 and the
second filter bank 86 during wideband operation.

The 2K, MAC pipes 130 are separated into pairs of I pipes
and Q pipes, each pair recerving input from one of K, corre-
sponding WB/NB-selection MUXs 134. For 1llustrative pur-
poses, FIG. 5 shows three of the K, WB/NB-selection MU Xs
134, including a first WB/NB-selection MUX 136, a (K, -1)"
WB/NB-selection MUX 138, and a K,” WB/NB-selection
MUX 140. In addition, FIG. 5 illustrates three of the K, 1
pipes, including a K,” I pipe 142, a (K, -1)" 1 pipe 144, and
a first I pipe 146. The I pipes 142, 144, 146 are paired with
corresponding Q pipes 152, 154, 156. The K, ” I pipe 142 and
Q pipe 152 receive input in parallel from the K,” WB/NB-
selection MUX 140. The (K, -1)" I pipe 144 and Q pipe 154
receive input in parallel from the (K,-1)” WB/NB-selection
MUX 138. Similarly, the first I pipe 146 and Q pipe 156
receive mput from the first WB/NB-selection MUX 136.

The WB/NB-selection MUXs 136, 138, 140 sclectively
receive even narrowband data samples from the mode-selec-
tion MUX 80 or the mode selection MUX 84 of FIG. 4, which
are configured to produce similar narrowband outputs during
narrowband operation. The narrowband data samples are fed
serially, one after the other, into the WB/NB-selection MUXs
136, 138, 140. In contrast, during wideband operation, K,
different wideband samples are input in parallel to the K,
WB/NB-selection MUXs 134. These parallel wideband data
samples may be output from the first mode-selection MUX 80
and the fourth mode-selection MUX 92 of FIG. 4, which
output similar wideband samples. In some implementations,
where the wideband data does not arrive to the filter banks 82,
86, 90, 94 of FIG. 4 1n parallel, a K, -tap parallel shift register
(not shown) may be employed to convert the serial data into
requisite parallel wideband data samples.

In FIG. 5, six of the 2K, configuration-selection DEMUXs
132 are shown. The output of each I pipe 142, 144, 146 1s
iput to a respective configuration-selection DEMUX 162,
164, 166. Similarly, the Q pipes 152, 154, 156 are 1nput to
corresponding configuration-selection DEMUXs 172, 174,
176, respectively.

During wideband operation, each wideband output of
every other configuration-selection DEMUX 162, 164, and
166, 1s 1nput to a first wideband adder 180. The wideband

outputs of the mtervening configuration-selection DEMUXs
172, 174, 176 are 1input to a second wideband adder 182.

During narrowband operation, the narrowband output of
the first configuration-selection DEMUX 176, which 1s asso-
ciated with the first Q pipe 156, 1s 1nput to a first output-
selection MUX 184. The narrowband output of the second
configuration-selection DEMUX 166 i1s input to a second
output-selection MUX 186. The first output-selection MUX
184 also receives output from the second adder 182. The
second output-selection MUX 186 recerves output from the
first adder 180. The output of the first output-selection MUX
184 represents filtered Q data, while the output of the second
output-selection MUX 186 represents filtered I data.
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Each output of the remaining configuration-selection
DEMUXs 132 associated with an I pipe 1s input to the next
proximate I pipe. For example, the narrowband output of the
K,” DEMUX 162, which is associated with the K,” I pipe
142, 1s mput to the (K,-1)th I pipe 144. Similarly, each
narrowband output of the DEMUXSs 132 associated with a

pipe 1s input to the adjacent Q pipe. For example, the narrow-

band output of the K,”” DEMUX 172, which is associated
with the K,” Q pipe 152 is input to the (K,-1)” Q pipe 154.

The various filter components, including the MAC pipes
130, MUXs 132, and DEMUXs 134 are responsive to timing
and control input from the controller 68 of F1G. 3. Each of the
MAC pipes 130 recerve additional programmable coedli-
cients as needed from the coellicient memory 64 of FIG. 3.

In operation, with reference to FIGS. 3, 4, and 5, the con-
troller 68 of FIG. 3 configures the WB/NB-selection MUXs
134, the MAC pipes 130, the configuration-selection
DEMUXs 132, the adders 180, 182, and the output-selection
MUXs 184, 186 for either narrowband or wideband operation
via timing and control signals. In addition, the controller 68
selectively controls memory coellicients that are output from
the coefficient memory 64 to the various MAC pipes 130 via
coellicient-selection signals forwarded to the coelficient
memory 64 of FIG. 3.

During narrowband operation, the WB/NB-selection
MUXs 134 are configured to pass even narrowband data
samples to the various MAC pipes 130. The configuration-
selection DEMUXs 132 at the outputs of the MAC pipes 130
are configured to connect the outputs ol the MAC pipes 130 1n
a serial configuration so that the output of one I pipe is
connected to the mput of the next I pipe, and the output of one
Q pipe 1s connected to the input of the next Q pipe.

In the narrowband serial configuration, the output of the
last I pipe 1n the chain, which corresponds to the first I pipe
146 1n F1G. 5, represents the narrowband I output of the MAC
pipes 130. Similarly, the last Q pipe in the chain, which
corresponds to the first Q pipe 156 1n FIG. 5, represents the
narrowband Q) output of the MAC pipes 130. The narrowband
I output of the MAC pipes 130 1s switched to the output of the
filter blocks 82, 86, 94 wvia the configuration-selection
DEMUX 166 and the second output-selection MUX 186.
Similarly, the narrowband Q output of the filter blocks 82, 86,
94 1s switched to the output of the filter blocks 82, 86, 94 via
the first configuration-selection DEMUX 184 1n response to
appropriate control signals from the controller 68 of FIG. 3.

With reference to FIGS. 4 and 5, during narrowband opera-

tion, the I output of the filter blocks 82, 86, 94 of FIG. 5
represents the I output (1.5, ) of the first filter bank 82 of FIG.
4. Furthermore, during narrowband operation, the QQ output of
the filter blocks filter blocks 82, 86, 94 of F1G. 5 represents the
Q output (Q~5, ) of the second filter bank 86 of FIG. 4.

During wideband operation, the wideband I output of the
filter blocks 82, 86, 94 of FI1G. Srepresents the I output (15, )
of the first filter bank 82 of FIG. 4. However, during wideband
operation, the Q output (Q-5,) of the filter blocks 82, 86, 94
of FIG. 5 represents the QQ output of the fourth filter bank 94
of FIG. 4.

During wideband operation, the WB/NB-selection MUXs
134 are configured to pass successive wideband samples to
successive 1/Q pairs of the MAC pipes 130. The configura-
tion-selection DEMUXs 132 at the outputs of the MAC pipes
130 are configured to arrange the outputs of the MAC pipes
130 1n a parallel configuration so that the wideband I outputs
of the MAC pipes 130 are mput to the first wideband adder
180, and the wideband Q outputs of the MAC pipes 130 are
input to the second wideband adder 182. The resulting

summed wideband I outputs, as output by the first wideband
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adder 180, are switched to the wideband I output (15, ) of the
filter blocks 82, 86, 94. Similarly, the summed wideband ()
outputs, as output by the second wideband adder 182, are
switched to the wideband Q output (Q,5,) of the filter blocks
82, 86, 94.

Note that the filter banks 82, 86, 90, 94 of FIG. 4 comprise
different sets of MAC pipes depending on the configuration.

For example, during narrowband operation, the QQ pipes 152,
154, 156 represent the second filter bank 86 of FIG. 4. The I

pipes 142, 144, 146 represent the first filter bank 82 of FI1G. 4.
During wideband operation, the QQ pipes 152, 154, 156 rep-
resent the fourth filter bank 94, and the I pipes 142, 144, 146
represent the first filter bank 82.

A different set of MAC pipes and accompanying MUXs,
DEMUXSs, and adders (not shown), which 1s similar to that
shown 1n FIG. 6 may be employed to implement the remain-
ing filter banks of FIG. 4. In particular, a stmilar set of com-
ponents would be employed to implement the third filter bank
90 and the fourth filter bank 94 during narrowband operation
and to implement the second filter bank 86 and the third filter
bank 90 during wideband operation.

Alternatively, the component configuration shown 1n FIG.
6 may be employed to implement all of the filter banks 82, 86,
90, 94 of FIG. 4 by selectively switching the components of
FIG. 6 from operating on the narrowband even data from the
narrowband data splitter 58 of FIG. 3 and the wideband data
from the from the wideband ADC 42 of FI1G. 2 to operating on
the remaining data paths, 1.e., the narrowband odd data from
the narrowband data sphtter 58 of FIG. 3 and the oiffset
wideband data from the data-select module 70 of FIG. 3.
However, 1n this implementation, one skilled in the art may
employ additional MUXs and/or memories (not shown) to
tacilitate producing the desired filtered 1/Q outputs.

In the present specific embodiment of FIG. 6, during nar-
rowband operation, the controller 68 of FIG. 3 may selec-
tively control the configuration-selection DEMUXs 132 to
alter the number of the MAC pipes 130 that are connected
serially. This effectively controls the narrowband filter length,
thereby providing an additional degree of filter configurabil-
ity and applicability to different applications. A user may load
different software 1nto the controller 68 via the user interface
72 o1 FIG. 3 or may modily existing control software to adjust
the narrowband filter length as needed for a particular appli-
cation. Hence, when operating 1n the narrowband configura-
tion, the MAC pipe at which a particular integration cycle 1s
started may be determined by a user, thereby allowing the
user to vary filter length and control the integration delay.
Furthermore, integration lengths of individual MAC pipes
130 may also be set via the controller 68 as discussed more
tully below.

In summary, when processing wideband data, each MAC
pipe 130 receives a data sample. The resulting outputs are
then summed via the adders 180, 182 to form I/Q output
samples. When processing narrowband data, all K, T and Q
pipes 130 receive the same narrowband mnput data. During
narrowband operation, the outputs of the MAC pipes 130 are
connected serially from each (K,)” MAC pipe (see 142 and
152) down to the first MAC pipes (see 146 and 156) to form
I/QQ outputs.

FIG. 6 1s a more detailed block diagram of an exemplary
MAC pipe 152 of FIG. 5, which employs coellicients from the
coellicient memory 64 of FIG. 3. The MAC pipe 152 includes
K, MAC blocks 200, where K, 1s an application-specific
positive integer. The parameters K, and K, are application
specific and dependent on the implementation limitations of
the targeted technology, such as a particular FPGA technol-

0gy.




US 7,526,052 B2

13

For 1llustrative purposes, three of the MAC blocks 200 are
shown, 1n particular, a first MAC block 212, a second MAC
block 214, and a (K, )” MAC block 216. Each MAC pipe 200
includes an nput coelfficient multiplier 202 for multiplying
input data with a desired filter coetlicient. An output of the
coellicient multiplier 202 1s 1nput to a rounding circuit 204,
which provides mput to an accumulator circuit 206. Each
accumulator circuit 206 also recerves accumulation-length
input from the controller 68 of FIG. 3, which specifies the
number of clock cycles for which the accumulators 206
should add 1input samples from the rounding circuit 204 with
input samples from an output of a MAC-block DEMUX
switch 210. Accumulation length may be specified by a user
via the user interface 72 of FIG. 3.

Each accumulator 206 provides output to a delay circuit
208, the output of which 1s mnput to the MAC-block DEMUX
switch 210. In the present specific embodiment, the output of
cach delay circuit 208 1s 1nput a subsequent MAC-block
DEMUX switch 210. Each MAC-block DEMUX switch 210
selectively switches 1ts output between the output of the delay
circuit 208 associated with the current MAC block 200 and
the output of an adjacent previous MAC pipe.

For example, the MAC-block DEMUX switch 210 of the
first MAC block 212 selectively transfers the output of the
(K,)” MAC block (not shown) of the I pipe 142 of FIG. 5 or
the output of the delay circuit 208 of the first MAC block 212
to an 1nput of the accumulator 206 1n response to DEMUX
control signaling from the controller 68 of FIG. 3. The output
of the (K,)” MAC block 216 is taken from the output of the
associated delay circuit 208.

The construction and operation of various conventional
MAC blocks are known 1n the art. Those skilled 1n the art with
access to the present teachings may readily implement suit-
able MAC pipes to implement embodiments of the present
invention without undue experimentation.

With reference to FIGS. 4, 5, and 6, each filter bank 82, 86,
90,94 o1 FIG. 4 employs K, of the MAC pipes 130 of FIG. 5
at any given time, and these MAC pipes are constructed
similarly to the MAC pipe 152 of FIG. 6. Each MAC Pipe 152
contains K, MAC blocks connected 1n series. Rounded data
values are accumulated 1n each MAC block 200 for a prede-
termined number of clocks, called the MAC integration
period. At the end of this MAC integration period, the accu-
mulated value of each MAC block 200 1s transferred to and
added to the accumulated value 1n the next MAC block 1n
series. The MAC integration period 1s then restarted 1n each
MAC block 200 simultaneously via control signaling from
the controller 68 of FIG. 3.

The accumulated value of the last MAC block 216 of each
MAC pipe 130 of FIG. 5 1s either clocked out for further
processing or can be passed imto the first MAC of another
MAC Pipe, which occurs during narrowband operation. The
processing of narrowband/wideband data i1s achieved by
reconfiguring the manner in which the MAC pipes 130 of
FIG. § are connected.

This filter bank architecture of the present specific embodi-
ment supports the filter timing and control schemes discussed
in U.S. Pat. No. 5,952,947, entitled FLEXIBLE AND PRO-
GRAMMABLE DELTA SIGMA ANALOG SIGNAL CON-
VERTER, the teachings of which are hereby incorporated by
reference herein. This U.S. Patent discloses an exemplary
programmable delta-sigma analog-to-digital converter,
which, after bandpass filtering, may be employed as narrow-
band data to the NB data splitter of FIG. 3.

FIG. 7 1s a more detailed exemplary diagram of a coetfi-
cient memory block 64 of FI1G. 3. With reference to FIGS. 3,

4,5, 6 and 7, the coellicient memory 64 1s divided into plural
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coellicient memory stacks 230, one stack for each MAC
block 200 for each MAC pipe 130. Each filter bank of FIG. 4

employs K, MAC pipes (see FIG. 5), and each MAC pipe
employs K, MAC blocks (see FIG. 6). Accordingly, the coet-
ficient memory 64 maintains K,x4K, coelfficient memory
stacks 230, one stack for each MAC block. Alternatively, one
coeflc:lent memory stack 230 may be shared among all MAC
blocks, since the coellicients sent to a particular MAC block
are determlned via address pointers as discussed more fully
below.

In the present specific embodiment, each coellicient
memory stack 230 accommodates M locations, where M 1s an
integer representing the size of the coellicient memory stack
allocated for a particular MAC block. Each coelficient
memory stack 130 1s programmable such that coefficient
values at each memory location may be altered via the con-
troller 68 and/or via a user via the user interface 72 of FIG. 3.
Those skilled 1n the art will appreciate that the efficient
memory stack 130 exhibits single-clock switching capability,
such that different coellicients may be selected each clock
cycle.

The exact value of M 1s application specific and may
depend on the available memory size of the targeted FPGA
technology. The number of coetlicients 1n a set of coetlicients
associated with a particular MAC block 1s equal to the Inte-
gration Period of the MAC block (MIP). The maximum num-

ber of coellicient sets that can be pre-loaded 1n the coetficient
memory 64 for a particular MAC block 1s M/MIP. Coet

ficient
sets with different lengths may be employed as long as the
sum o1 the lengths of all of the coetlicient sets does not exceed
M.

A user or an algorithm running on the controller 68 defines
the Coellicient Start Address (CSA) and the Coefficient Last
Address (CLA) for each set of filter coellicients. CSA and
CLA are start and end pointers 1n each memory stack 230. The
coellicients of a particular coelficient set are taken to include
memory locations associated with the CLA and CSA pointers
and all memory locations in the stack 230 therebetween. The
CLA and CSA pointers represent coelficient-selection sig-
nals recetved from the controller 68 of FIG. 3.

At the start of a MAC pipe integration cycle, the CSA 1s
used to retrieve the first coetlicient for each MAC block. The
coellicient address 1s incremented on every clock. When the
CLA 1s reached, the address pointer resets to the CSA and the
cycle continues. To switch to a different set of coelficients,
new CSA and CLA values are defined by a user and/or by the
controller 68 of FIG. 3. The new address pointers are used on
the next clock cycle. This allows for rapid switching of coet-
ficient sets. The coetlicient memory 64 also allows new coel-
ficient sets to be written to memory while another set 1s being
used.

For 1llustrative purposes, various coelilicient memory sets
232 are shown 1n FIG. 7. Different coefficient sets 232 may be
employed for different filter operational modes, such as wide-
band and narrowband modes. Hence, the coellicient memory
64 acts as a shared memory that 1s shared between different
data processing modes. Furthermore, different coelficient
values may be selectively written to the coelficient memory
64 to obtain desired narrowband or wideband filtering char-
acteristics. Hence, the coellicient memory 64 1s also a pro-
grammable memory.

The programmability of the coeflicient memory 64 facili-
tates programming the frequency response of the filter 52 of
FIG. 3 to provide a desired programmable filter response. The
programmability of the filter response 1s further enhanced via
use of control signals from the controller 68 of FI1G. 3, which
may control not just filter coetficients but filter integration
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lengths and operational modes by selectively controlling
switches, such as the MUXs 134 and DEMUXs 132 of FIG. 5.

The coelficient memory 64 may be implemented via a
standard memory that may be partitioned 1n to different
memory stacks. Those skilled 1n the art with access to the
present teachings may readily implement the coelficient
memory 64, such as via an FPGA memory, without undue
experimentation.

Thus, the present invention has been described herein with
reference to a particular embodiment for a particular applica-
tion. Those having ordinary skill in the art and access to the
present teachings will recognize additional modifications,
applications, and embodiments within the scope thereof.

It1s therefore intended by the appended claims to cover any
and all such applications, modifications and embodiments
within the scope of the present invention.

Accordingly,

What 1s claimed 1s:

1. An eflicient signal filter comprising:

first means for recerving a first signal of a first type and a

second signal of a second type, said first type of signal
being characterized by a firstrate and said second type of
signal being characterized by a second rate, said first rate
being a narrowband rate and said second rate being a
wideband rate;

second means including plural filter banks for selectively

filtering said first signal during a first mode of operation
and filtering said second signal during a second mode of
operation, said plural filter banks including one or more
Multiply-Accumulate (MAC) pipes, each of said one or
more MAC pipes including one or more MAC block,
cach MAC block associated with one or more corre-
sponding coellicient memory data structures; wherein
the second means comprises a first filter block and a
second {filter block, each having two filter banks, one
filter bank for producing I signals and another filter bank
for producing () signals;

third means for generating control signals, said third means

including a controller;
fourth means for automatically configuring said second
means to operate 1n said first mode of operation or said
second mode of operation based on said control signals;

fifth means for selecting coelficients from each of said one
or more memory data structures to apply to each of said
one or more MAC blocks, thereby selectively affecting
filter signal response;

an I/O output configuration module for selectively com-

bining I and Q) s1ignals output by said first filter block and
said second filter block into desired filter output.

2. The filter of claim 1 wherein said first signal and said
second signal are digital signal.

3. The filter of claim 2 wherein said digital signals are ADC
outputs.

4. The filter of claim 1 wherein said coelficients are user-
definable via a user interface to said controller and wherein
said controller 1s user-configurable via said user interface.

5. The filter of claim 4 wherein each of said one or more
memory data structures 1s a stack and wherein said fifth
means 1s responsive to coellicient-control signals from said
controller, said coelficient-control signals indicating start
addresses and end addresses for sets of coeflicients to be
applied to said one or more MAC blocks.

6. The filter of claim 1 wherein said narrowband rate 1s
double a system clock rate, while said wideband rate 1s eight
times said system clock rate.

7. The filter of claim 1 wherein said control signals include
plural control signals that are input to one or more multiplex-
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ers or switches that control whether said MAC pipes are 1n a
serial configuration or a parallel configuration corresponding
to said first mode of operation or said second mode of opera-
tion, respectively.

8. The filter of claim 7 wherein said parallel configuration
1s adapted to filter wideband signals and wherein said serial
configuration 1s adapted to filter narrowband signals.

9. The filter of claim 1 wherein said controller further
includes sixth means for adjusting filter lengths or integration
delays associated with said filter.

10. The filter of claim 9 wherein said sixth means includes
one or more multiplexers or switches, which are responsive to
specific control signals from said controller, said specific
control signals configured to selectively switch a desired
number of said multiplexers or switches to atfect numbers of
said MAC pipes connected in a serial configuration, thereby

alfecting filter integration delay during said first mode of
operation.

11. The filter of claim 1 further including a data-select
module responsive to control input from said controller, said
data-select module including means for imparting an ofiset of
4xDF (input data Decimation Factor) system clock cycles to
said second signal during said second mode of operation and
said second signal being a wideband signal.

12. The filter of claim 11 wherein 1mitiation of itegration
implemented by said second filter block 1s delayed by DE/2

clock cycles relative to mitiation of integration implemented
by said first filter block.

13. The filter of claim 12 wherein said 1I/Q) output configu-
ration module 1ncludes seventh means for mterleaving said
even and odd I/Q) samples to provide an output rate of 2x(sys-
tem clock rate)/DF when said filter 1s 1 said second mode of
operation and to provide an output rate of (system clock
rate)/DF when said filter 1s in said first mode of operation.

14. A digital filter comprising:

first means for receiving a first input signal characterized
by a first rate and a second 1nput signal characterized by
a second rate, said first rate being a narrowband rate, and
said second rate being a wideband rate;

second means for generating control signals;
second means for generating control signals;

third means for selectively configuring said digital filter to
operate on said first mput signal or said second 1nput
signal 1 accordance with a programmable filter
response 1n response to said control signals and to pro-
vide filtered digital output signals in response thereto;

a first filter block and a second filter block each having two
filter banks, one filter bank for producing I signals, and
another filter bank for producing Q signals; and

an 1I/Q output configuration module for selectively com-
bining I and Q signals output by said first filter block and
said second filter block into desired filter outputs.

15. The filter of claim 14 wherein said filtered digital out-
put signals are in-phase and quadrature signals.

16. The filter of claim 15 wherein said third means includes
a programmable shared coellicient memory contaiming filter
coellicients, said programmable shared coeflicient memory
being responsive to control signals from said second means
and selectively configured 1n response thereto to facilitate
filtering of said first input signal and said second input signal.

17. The filter of claim 16 further including means for cus-
tomizing filter response by adjusting said filter coelficients,
said means for customizing including a user interface.
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18. An electronic filter comprising;:

a controller:

one or more configurable filter blocks;

first means for configuring said one or more configurable
filter blocks to perform different desired filtering opera-

tions on input signals of different rates via control sig-
nals from said controller, whereby said filter 1s adapted

to handle narrowband signals 1n a first configuration and
wideband signals 1n a second configuration;

a first filter block and a second filter block each having two
filter banks, one filter bank for producing I signals, and
another filter bank for producing Q signals; and

an 1/QQ output configuration module for selectively com-
bining I and Q signals output by said filter block and said
second filter block into desired filter outputs.

19. A digital filter comprising:

a narrowband data splitter capable of recerving narrow-
band data samples and separating said narrowband data
samples into narrowband even samples and narrowband
odd samples;

a wideband data-select module capable of recerving wide-
band data samples and providing offset wideband data
samples 1n response thereto;

a controller capable of generating timing and control sig-
nals and coelficient-selection signals based on an opera-
tional mode of said digital filter, said operational mode
including wideband mode and narrowband mode;

filter blocks adapted to filter said narrowband even samples
and said narrowband odd samples during narrowband
mode and to filter said wideband data samples and said
offset wideband data samples during said wideband
mode 1n response to said timing and control signals from
said controller; and

a shared filter coellicient memory for selectively providing
filter coetficients to said one or more filter blocks 1n
response to said timing and control signals from said
controller.

20. The filter of claim 19 wherein said digital filter includes
first means for combining filtered narrowband even samples
and narrowband odd samples during said narrowband mode
into mn-phase and quadrature signal outputs.

21. The filter of claim 20 wherein said digital filter further
includes second means for combiming filtered wideband data
samples and offset wideband data samples during said wide-
band mode into In-phase (1) and Quadrature (QQ) signal out-
puts.

22. The filter of claim 21 wherein said first means and said
second means 1nclude an 1/Q) output configuration module.

23. The filter of claim 20 wherein said one or more filter
blocks have plural multiply-accumulate pipes, each associ-
ated with filter coeflicients.

24. The filter of claim 23 wherein said one or more filter
blocks include one or more switches arranged to connect said
plural multiply-accumulate pipes in a serial configuration
during said narrowband mode and to connect said plural

multiply-accumulate pipes 1n a parallel configuration during,
said wideband mode.

25. The filter of claim 24 wherein said shared filter coeffi-

cient memory includes one or more coellicient memory
stacks and wherein said coelficient-selection signals gener-
ated by said controller include start address and last address
information associated with a first coellicient of a coetlicient
set and a second coelficient of a coellicient set to be selected
from said one or more coellicient memory stacks.

26. The filter of claim 19 further including a recerver sys-
tem adapted for use with said filter.
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277. The filter of claim 26 wherein said receiver system
includes an antenna 1n communication with a receive chain
having a wideband Analog-to-Digital Converter (ADC) for
producing said wideband data samples and a narrowband
ADC for producing said narrowband data samples.

28. A method for filtering a signal including the steps of:

recerving a first signal of a first type and a second signal of

a second type, said first type of signal being character-
1zed by a first rate and said second type of signal being
characterized by a second rate, said first rate being a
narrowband rate, and said second rate being a wideband
rate,

selectively filtering said first signal during a first mode of

operation and filtering said second signal during a sec-
ond mode of operation with a filter; wherein the filter
comprises a first filter block and a second filter block,
cach having two filter banks, one filter bank for produc-
ing I signals, and another filter bank for producing )
signal;

generating a control signal;

automatically configuring said filter to operate 1n said first

mode of operation or said second mode of operation 1n
response to said control signal;

selectively combining I and Q signal output by said first

filter block and said second filter block into desired filter
output using an I/QQ output configuration module.

29. An efficient signal filter comprising:

first means for receiving a first signal of a first type and a
second signal of a second type, said first type of signal
being characterized by a firstrate and said second type of
signal being characterized by a second rate, said firstrate
being a narrowband rate and said second rate being a
wideband rate;

second means mcluding plural filter banks for selectively
filtering said first signal during a first mode of operation
and filtering said second signal during a second mode of
operation, the plural filter banks 1including one or more
Multiply-Accumulate (MAC) pipes, each of said one or
more MAC pipes including one or more MAC blocks,
cach MAC block associated with one or more corre-
sponding coelficient memory data structures;

third means for generating control signals, said third means
including a controller and said control signals include
plural control signals that are input to one or more mul-
tiplexers or switches that control whether said MAC
pipes are 1n a serial configuration or a parallel configu-
ration corresponding to said first mode of operation or
said second mode of operation, respectively,

fourth means for automatically configuring said second
means to operate in said first mode of operation or said
second mode of operation based on said control signals;
and

fifth means for selecting coetlicients from each of said one
or more memory data structures to apply to each of said
one or more MAC blocks, thereby selectively aflecting
filter signal response.

30. The filter of claim 29 wherein said parallel configura-
tion 1s adapted to filter wideband signals and wherein said
serial configuration 1s adapted to filter narrowband signals.

31. An eflicient signal filter comprising;

first means for receiving a first signal of a first type and a
second signal of a second type, said first type of signal
being characterized by a firstrate and said second type of
signal being characterized by a second rate, said first rate
being a narrowband rate and said second rate being a
wideband rate;
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second means including plural filter banks for selectively
filtering aid first signal during a first mode of operation
and filtering said second signal during a second mode of
operation, the plural filter banks including one or more
Multiply-Accumulate (MAC) pipes, each of said one or
more MAC pipes including one or more MAC blocks,
cach MAC block associated with one or more corre-
sponding coelficient memory data structures;

third means for generating control signals, said third means
including a controller;

fourth means for automatically configuring said second
means to operate 1n said first mode of operation or said
second mode of operation based on said control signals;

fifth means for selecting coelficients from each of said one
or more memory data structures to apply to each of said
one or more MAC blocks, thereby selectively aflecting
filter signal response; and

sixth means for adjusting filter lengths or integration
delays associated with said filter, wherein said sixth
means 1ncludes said one or more multiplexers or
switches, which are responsive to specific control sig-
nals from said controller, said specific control signals
configured to selectively switch a desired number of said
multiplexers or switches to atfect numbers of said MAC
pipes connected 1n a serial configuration, thereby atiect-
ing filter integration delay during said first mode of
operation.
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32. An efllicient signal filter comprising;

first means for receiving a first signal of a first type and a
second signal of a second type, said first type of signal
being characterized by a firstrate and said second type of
signal being characterized by a second rate, said firstrate
being a narrowband rate and said second rate being a
wideband rate;

second means mcluding plural filter banks for selectively
filtering said first signal during a first mode of operation
and filtering said second signal during a second mode of
operation; wherein the second means comprises a {irst
filter block and a second filter block, each having two
filter banks, one filter bank for producing I signals, and
another filter bank for producing Q signals;

third means for generating control signals, said third means
including a controller;

fourth means for automatically configuring said second
means to operate 1n said first mode of operation or said
second mode of operation based on said control signals;
and

an 1I/Q output configuration module for selectively com-
bining I and Q signals output by said first filter block and
said second filter block into desired filter outputs.
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